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Optical Bistability in Colloidal Crystals
E. Lidorikis, Qiming Li, and C. M. Soukoulis
Ames Laboratory and Department of Physics and Astronomy,
Iowa State University, Ames, IA 50011
We present a one dimensional model for the nonlinear response of a colloidal crystal to intense light
illumination along a high symmetry direction. The strong coupling between light and the colloidal
lattice, via the electric gradient force acting upon the particles, induces a novel large optical non-
linearity. We obtain bistable behavior when the incident frequency is inside the stopband of the
periodic structure, with decreasing switching intensity as the frequency increases. The transmission
characteristics and the magnitude of the switching threshold intensity are also in good agreement
with a recent experiment.
PACS numbers: 42.65.Pc 82.70.Dd 42.70.Qs 78.66.-w
I. INTRODUCTION
Photonic band gap (PBG) materials [1] do not allow
propagation of electromagnetic waves within a certain
frequency range, thereby opening the possibility of study-
ing new physics within the gap. In addition, many novel
applications of these PBG crystals have been proposed,
with operating frequencies ranging from microwaves to
the optical regime [1,2]. Structures exhibiting full pho-
tonic band gaps in the microwave [3], millimeter [4] and
submillimeter [5] regimes have already been fabricated,
but scaling these structures down to the optical regime
has remained a challenge. One way to construct PBG
crystals in the optical regime is by growing polystyrene
colloidal crystals [6–9], which have lattice spacing com-
parable to the wavelength of light. Such colloidal crystals
do not exhibit a complete PBG, because the concentra-
tion and the index of refraction of the polystyrene spheres
relative to water are not yet sufficiently high. However,
they are very useful in studying PBG effects seen only
in particular directions. In addition, they can be used in
nonlinear optical studies. It is expected that the PBG ef-
fects can be strongly affected by nonlinear optical effects.
In particular, it has been shown that intensity-dependent
index of refraction can cause a shift in the locations of
the band gap [10]. That is, if the index of refraction
of either the suspended polystyrene spheres or water is
intensity-dependent, then the width and the position of
the stopband (or gap) will change under intense illumina-
tion. For example, a decrease of the index of refraction in
water upon illumination will widen the gap, and, there-
fore, inhibits the propagation of the probe beam. Such
an optical switching for light control is of great interest
to the optics community.
In a recent experiment [7], optical switching and op-
tical bistability were observed, when intense light was
transmitted through a colloidal crystal. Simple switch-
ing was observed near the low-frequency end of the stop-
band, whereas bistability and multistability occurred at
the center or near the high frequency end. The switching
threshold was found to decrease as the incident frequency
increased. These aspects are inconsistent with the re-
sponse of a material with the conventional intensity-
dependent nonlinearity [7]. The measured nonlinear coef-
ficient n
′
inside the transmission band, 4×10−10cm2/W ,
is also several orders of magnitude larger than the elec-
tronic nonlinearity of both materials.
In this paper, we present a one dimensional model for
the nonlinear response of a colloidal crystal to intense
light incident along a high symmetry direction, based on
the electrostriction mechanism [7]. Light is strongly scat-
tered by the periodic arrangement of the colloidal parti-
cles inside the crystal, thus creating a spatially varying
field. The polystyrene spheres, polarized by the elec-
tric field, will move in response to the electric gradient
force. Such a structure change in turn will alter the
propagation of light. The optical response is thus con-
trolled by the the stationary configuration that results
from the balance between the elastic and the electric gra-
dient forces. We assume that the electric gradient forces
are not strong enough to destroy the polystyrene spheres’
crystalline structure and furthermore, that the changes in
interparticle separation are small compared to the mean
interparticle separation. Assuming the incident wave can
be approximated as plane waves due to the large beam
spot size, the structural change induced by light incident
along a high symmetry direction will be primarily in the
propagating direction. We neglect possible transverse ef-
fects and describe the three dimensional lattice by a one
dimensional harmonic lattice model. Numerical calcula-
tions of the transmission characteristics, based on known
physical properties of the colloidal crystal and a sim-
plification to a layered structure, show good agreement
with experiment. In particular, we find bistable behav-
ior inside the stopband at intensities comparable to the
observed switching threshold. The switching threshold
is found to decrease as the incident frequency increases.
We need to emphasize that such a nonlinearity necessar-
ily depends on the exact stationary configuration of the
lattice and therefore cannot be described with a simple
effective intensity- and/or frequency-dependent dielectric
constant.
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This paper is organized as follows. In section II, we
introduce our one-dimensional lattice model for the op-
tical nonlinearity in colloidal crystal. In section III, we
present results of calculations on the optical bistability
and compare them with experiments. Conclusions and
discussions are presented in section IV.
II. ONE DIMENSIONAL MODEL OF OPTICAL
NONLINEARITY
In general, wave propagation in periodic structures is
a complex phenomenon. Three dimensional scattering of
light plays an important role in determining the nonlin-
ear optical response of a colloidal crystal to incident light.
However, simplification is possible if, a) the incident wave
is plane-wave-like; b) the light is normally incident upon
a high symmetry plane of the crystal lattice, and c) no
transverse instability exits. Under these conditions, the
structure can be viewed as a layered system. One di-
mensional modeling of the optical response is expected
to be appropriate with correctly calculated physical pa-
rameters. The first condition ensures all spheres within
one layer are equivalent, hence there should be no lateral
lattice displacement, as required by symmetry. The sec-
ond condition makes the layered structure more distinct
since the distance between the layers is large. The third
condition essentially requires that the structure is stable
under illumination.
The colloidal crystal used in experiment [7] had a face-
centered-cubic structure formed by polystyrene spheres
(n1=1.59) of approximately d1=120 nm in diameter, at
concentration f around 7%, dispersed in water (n2=1.33).
Light was normally incident upon the [111] plane which
was parallel to the surfaces of the container. Due to the
relatively large spot size, we approximate the incident
wave as plane-waves. To a low intensity incident wave
from the [111] direction, the fcc colloidal crystal acts es-
sentially as a Bragg reflector (linear regime). The system
is naturally simplified as a one dimensional bilayer struc-
ture consistent of alternating segments of polystyrene
sphere layers ( a mixture of polystyrene spheres and
water with total thickness d1) and pure water layers.
With sphere concentration of 6.9%, the distance between
the polystyrene sphere layers [11] is R0=216 nm. The
thickness of the water layer is then d2=R0-d1=96 nm.
The average index of refraction of the polystyrene layer
is estimated [12] to be 1.36. Since the sample thick-
ness is L=100 µm, the total number of bilayer units is
N=L/R0=463. The linear (zero intensity limit) trans-
mission coefficient versus the wavelength in the [111] di-
rection is shown in Fig. 1, calculated with the parameters
mentioned above. Notice that there is excellent agree-
ment [13] between our theoretical results of Fig. 1 and
the experimental results of Fig. 2 in Ref. 7. This shows
our model parameters describe very well the linear trans-
mission of the colloidal crystal.
To illustrate that the nonlinear response of the col-
loidal crystal cannot be described by a one dimensional
layered model with the conventional Kerr type nonlinear-
ity (intensity-dependent dielectric constant), we show in
Fig. 2 the nonlinear response of such a system, assuming
that the effective index of refraction n2 of the “water” has
the form, n2 = n
o
2 + n
′|E|2. no2=1.33 is the linear index
of refraction of the medium and the nonlinear coefficient
is taken to be the experimentally measured nonlinearity,
n′ = 4× 10−10cm2/W . Taking the propagation direction
to be the z direction, we can solve the propagation of
light governed by the following wave equation
d2E
dz2
+
n2(z)ω2
c2
E = 0, (1)
where n(z) is the index of refraction of our model which
consists of alternating layers of linear and nonlinear
medium, as specified above. Indeed, bistable behavior
is obtained, as can be clearly seen in Fig. 2. The exis-
tence of such bistability phenomena in distributed feed-
back structures with intensity-dependent dielectric con-
stants were predicted [14] theoretically and their prop-
erties have been investigated intensively [15]. Similar
bistable behavior has been seen [16–18] in the discrete
case of the electronic version of Eq. (2). However, the
threshold intensity for the onset of the bistable behav-
ior is in the order of 10 MW/cm2, at least three orders
of magnitude larger than the experimentally measured
value of about 5 kW/cm2. We see that a simple so-
lution of Eq. (1) with an effective intensity-dependent
nonlinearity indeed produces bistable behavior, but its
predictions for the incident intensity threshold are un-
realistically high. Clearly, a novel form of nonlinearity
must be in action.
An interesting mechanism due to electrostriction was
proposed [7] to be responsible for the nonlinear behavior
in the colloidal crystal. In the absence of light illumi-
nation, the short-range screened electrostatic repulsive
forces [19] between the spheres balances the weak long-
range attractive force of Van der Waals type and pro-
duces an equilibrium configuration for the polystyrene
spheres, with nearest neighbor separation S0 = α/
√
2
where α is the fcc lattice constant. When intense elec-
tromagnetic (EM) wave is incident upon the crystal, the
dielectric spheres get polarized by the electric field and
move in response to the gradient force [19] from the spa-
tially varying field. This in turn alters the propagation
of EM wave. Consequently, optical nonlinearity result.
Ultimately, the optical response under a given illumina-
tion is controlled by the steady state lattice configuration
which has to be determined by the balance of the elastic
and electric gradient forces.
To determine whether the electrostriction mechanism
is indeed responsible for the experimental observations,
we have to solve simultaneously wave propagation equa-
tions and lattice dynamics incorporating both elastic and
electric gradient forces. Here we propose a simple one
2
dimensional lattice model that can be solved straightfor-
wardly but still contains the essential physics to account
for the optical bistability observed in experiment. We
have argued that under the experimental condition, a
one dimensional layered model is appropriate to describe
the transmission of wave along the propagation direction.
The linear transmission property of this one dimensional
lattice, consisting of alternating layers of polystyrene and
water, has already been described (Fig. 1). To model
the nonlinear response, we need knowledge of the lattice
dynamics which is governed by the elastic and electric
gradient forces.
We assume that for small fluctuations around the equi-
librium configuration, the harmonic approximation is
correct. We can then describe the motion of polystyrene
spheres as if they were connected with each other with
ideal springs. The force constant k of the springs can
be roughly estimated by linearizing the screened electro-
static repulsive force [22],
Fel =
(Ze)2
4πǫR2
1 + κR
1 + κa
exp[−κ(R− a)], (2)
at the layer equilibrium position R = R0. This leads to
an expression Fel = Fharm = k∆R, where ∆R = R−R0
is the displacement from the equilibrium position. Z is
the number of charges on the particle, κ is the inverse
screening length, and a is the radius of the particle. Us-
ing ǫ = 1.33ǫ0, a = 60 nm, R0 = 216 nm, and assuming
typical values [19] of Z=1000e− and κ = 5 × 107m−1,
we obtain k = 1.8×10−4N/m. This corresponds to a
bulk moduli B∼ k/R0 ∼1000 N/M2, a reasonable value
for colloidal crystals [19]. As we will see later, the elec-
trostriction nonlinearity is inversely proportional to k.
Only the order of the magnitude of k is relevant for our
purpose. For definiteness, we take k = 1.8×10−4N/m in
the following calculations.
The gradient force on a sphere Fgr along the propaga-
tion direction z, can be calculated by taking the spa-
tial derivative of it’s polarization energy, i. e., Fgr =
−d(Up)/dz. A crude estimate of this force is
Fgr ≃ 4πn21ǫ0
m2 − 1
m2 + 2
a3
1
2
∆|E|2
2a
(3)
where m2 = (n1/n2)
2 is the dielectric contrast between
polystyrene spheres and water, a is the radius of the
spheres, and the factor 1
2
comes from averaging over a
time period. ∆|E|2 is the field intensity difference across
a sphere’s diameter. For our model’s parameters this
gives Fgr ≃ C∆|E|2, C = 2.2× 10−26Nm2/V 2.
The optical response of the colloidal crystal is deter-
mined by the steady state configuration. In our one di-
mensional model, this is reflected as the steady state lat-
tice configuration representing the configuration of the
layers. Taking nearest neighbor interactions only and
denoting by ∆Rn the change from the equilibrium sep-
aration of particles n and n+1, we have for the steady
state that
Fgr = −Fharm = −k(∆Rn −∆Rn−1). (4)
The gradient force Fgr on each polystyrene layer has to be
calculated from the electric field distribution via Eq. (3)
for the given lattice configuration {Rn}.
The transmission characteristics are obtained by solv-
ing Eqs. (1) and (4) self-consistently through iteration,
for a given input. In actual calculations, however, this is
done for a given output because the presence of bistable
or multistable behavior. In a nonlinear one-dimensional
model, each output corresponds to exactly one solution,
while a given input may correspond to more than one
output solutions (bistability). The input intensity can
be reconstructed once the transmission coefficient is cal-
culated after solving Eq. (1). We start with the equi-
librium configuration in the absence of light in which all
the layers is equally spaced with distance R0. The wave
field E(z) is then calculated from Eq. (1), with n(z) given
by the exact one-dimensional lattice configuration {Rn}.
n(z) equals to 1.36 if z is in the polystyrene layer and
1.33 otherwise. The gradient force and the elastic force is
then calculated and Rn is increased or decreased depend-
ing the direction of the total force. The wave field is then
recalculated and accordingly {Rn} readjusted. This iter-
ation procedure continues until the total force vanishes
on each polystyrene layer. The final configuration will
be the steady state configuration, and the corresponding
field represents the actual optical response of the system.
Twenty iterations are usually required before a steady
state self-consistent configuration is achieved.
We point out that the present situation is analogous to
the problem of an electron moving in a one-dimensional
harmonic lattice with electron-lattice interactions. Such
an analogy may help to understand the nonlinear opti-
cal response when the frequency is inside the stopband.
We comment that neither in the polystyrene spheres nor
in the water have we assumed any intrinsic nonlinearity.
The nonlinear response of the colloidal crystal is entirely
due to the coupling between the light and the lattice. In
principle, such coupling exists in all materials. But the
extreme softness of colloidal lattices relative to conven-
tional crystals, reflected in the small value of the effective
spring constant k, makes the observation of nonlinear ef-
fects possible in these materials.
III. OPTICAL BISTABILITY
As a first check of our model, we have numerically
calculated the sign and the strength of the effective non-
linearity for a frequency (λ=514 nm) inside the transmis-
sion band. We found that the colloidal crystal linearly
expands with the incident intensity of the EM wave, with
a slope of about 1nm per 30kW/cm2. This corresponds
to a relative linear expansion of the order ∆L/L ≃ 10−5,
which is quite small as required by our harmonic assump-
tion. The resulted phase shift in the transmitted wave
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can be related to an effective positive nonlinear index of
refraction by
ω
c
(n2 − 1)∆L ≃ ω
c
n′|E0|2L (5)
where |E0| is the incident intensity. For our system we es-
timate n′ ≃ 10−10cm2/W. This is in excellent agreement
with the experimental value [7] of n′ ≃ 4×10−10cm2/W,
considering that the value of the force constant is only
estimated with typical values of physical properties for
colloidal crystals. We find that within the transmission
band, the nonlinearity n′ scales almost linearly with 1/k,
but with no appreciable frequency dependence. The ex-
perimentally observed nonlinearity can be matched with
the choice k≃ 4.4× 10−5N/m and a corresponding bulk
moduli B∼ 250N/m2. For definiteness we continue to
use the initial estimated value of k. Changing value of k
amounts to rescale the light intensities, since the actual
contraction or expansion is controlled by the ratio of the
elastic force and the gradient force, ie, only the ratio of
the k and light intensity matters.
Multistability and switching threshold intensities are
also correctly predicted within our model for frequencies
inside the band gap. The local expansions and contrac-
tions of the lattice under illumination are the origin of
the bistable behavior. Normally, transmission is forbid-
den in the gap of a periodic system. However, lattice
distortion allows the existence of localized modes in the
gap. Under appropriate conditions, the coupling of these
localized modes with the radiation can produce resonant
transmission. This is clearly seen in Fig. 3, where the
local lattice expansion (a), the field intensity averaged
in each sphere (b), and the intensity gradient (c), are
shown as a function of the lattice plane, exactly at a
transmission resonance for a frequency inside the stop-
band. Notice that there is a strong lattice deforma-
tion (solid curve in Fig. 3a) at the middle of the crys-
tal, sustained by the strong field intensities (solid curve
in Fig. 3b) and the intensity gradient. Similar behav-
ior is seen for the case of the second transmission reso-
nance (dotted lines in Fig. 3). This work clearly shows
that there exists a strong light-lattice interaction, giving
rise to lattice deformations which in turn produces lo-
calized solutions as “soliton-like” objects [20,21]. When
these “soliton-like” objects appear symmetrically in the
crystal, a transmission resonance is expected. Also, the
longer the wavelength and the higher the multistabil-
ity order are, the larger the maximum values of these
deformations become. The bistable behavior originates
from these field-distribution-specific structure changes.
We point out that the total expansion of the lattice is
still relatively small, generally in the order of 80 to 200
nm for each ”soliton-like” object present in the structure.
The transmission characteristics are shown in Fig. 4,
for four different wavelengths as were indicated in Fig. 1.
We see that our model captures the most essential fea-
tures of the nonlinear response of the colloidal crystal,
as compared with the experimental results presented in
Fig. 3 of Ref. 7. Notice that this model correctly pre-
dicts the magnitude of the switching threshold intensi-
ties, they are of the order of (20-40) kW/cm2 and not
of the order of 104 kW/cm2 that the simple model with
an intensity-dependent dielectric constant predicts (see
Fig. 2) . The switching threshold intensities get smaller
as we move from the long to the short wavelength side of
the stopband, in agreement with experiment [7]. Bista-
bility is observed when the lattice is distorted enough so
to sustain a localized mode. This will happen if the local
expansion is large enough to locally shift the effective gap
to longer wavelengths [22]. Thus, the closer the incident
frequency is to the small wavelength side of the gap, the
smaller the lattice distortion needed to onset bistability,
and thus the smaller the switching powers are.
Discrepancy with the experimental data is found for
large incident intensities and in the low frequency side
of the gap. Multistability was observed only in the high
frequency side while for midgap frequencies the crystal
is bistable and for low frequencies it is non bistable [7].
Also, at high intensities only instabilities were observed
experimentally, in contrast to our model that predicts
multistable behavior for all gap frequencies and all in-
tensities. However, it is for the long wavelengths and the
high intensities that the required lattice expansions get
unrealistically large. The total lattice expansion versus
the transmitted intensity are shown in Fig. 5, for the four
wavelengths indicated in Fig. 1. Every local maximum
in these curves corresponds to a transmission resonance.
Since the crystal can not expand more than a certain
maximum limit, an external pressure must be inserted
into our model to limit its expansion. Numerical stud-
ies incorporating an external pressure show that while
multistability is still predicted for all frequencies, the
required local expansions and contractions, (with total
expansion being constant and limited), and light inten-
sities are much larger, making the starting assumption
of a slightly perturbed harmonic lattice invalid. With
large lattice distortions, approximation to a one dimen-
sional structure also becomes questionable, and this may
be the main reason for the discrepancy. The neglect of
light absorption in water may also be a contributed fac-
tor to the discrepancy. Absorption reduces the light in-
tensity nonuniformly, and thus may affect the nonlinear
response.
IV. DISCUSSIONS AND CONCLUSIONS
We have shown that several essential features of the
nonlinear response in colloidal crystals can be accounted
for by a simple one dimensional model that incorporates
the lattice distortions under intense light illumination. In
this one dimensional model, the colloidal crystal is sim-
plified as a one-dimensional layered system consisting of
alternating layers of polystyrene spheres and water. The
polystyrene layers represent high symmetry planes of the
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colloidal crystal normal to the propagating direction and
are modeled as elastic media deforming under the act
of the gradient force from the electric field. Based on
physical properties of the colloidal crystal, we are able
to estimate the effective elastic spring constant. The
wave equation of the electric field and the lattice dy-
namics of this one dimensional systems is then solved
simultaneously to obtain the steady state response. We
are able to obtain the correct order of magnitude of the
effective nonlinearity within the transmission band and
the switching intensity for optical bistability within the
stopband. The trend that this switching intensity de-
creases as the frequency increases across the stopband is
also reproduced. Although it seems surprising that a sim-
ple one-dimensional model works when three-dimensional
scattering of light plays an important rule, detail consid-
erations suggest this simplification should be appropriate
under the experimental condition.
In conclusion, we have established with a simple one
dimensional model that the light-lattice coupling via elec-
tric gradient force underlies the large optical nonlinearity
observed recently in colloidal crystals. Such a coupling
alone can produce bistability and multistability with
switching threshold intensities and transmission charac-
teristics in good agreement with experiment. Given the
unique large nonlinear response, colloidal crystals may
prove to be very useful for future studies of nonlinear
effects in PBG materials in the optical regime.
ACKNOWLEDGMENTS
Ames Laboratory is operated for the U.S. Department
of Energy by Iowa State University under Contract No.
W-7405-Eng-82. This work was supported by the direc-
tor for Energy Research, Office of Basic Energy Sciences,
and NATO Grant No. CRG 940647.
[1] For a recent review, see C. M. Soukoulis, ed., “Photonic
Band Gap Materials,” (Kluwer, Dordrecht, 1996).
[2] For an excellent introduction to the PBG field, see
J. Joannopoulos, R. D. Meade and J. N. Winn, “Pho-
tonic Crystals,” (Princeton University Press, Princeton,
1995).
[3] E. Yablonovitch, T. J. Gmitter, and K. M. Leung, Phys.
Rev. Lett. 67, 2295 (1991); E. O¨zbay et al., Phys. Rev.
B 50, 1945 (1994).
[4] E. O¨zbay, E. Michel, G. Tuttle, et al., Appl. Phys. Lett.
64, 2059 (1994).
[5] E. O¨zbay, E. Michel, G. Tuttle, et al., Opt. Lett. 19, 1155
(1994).
[6] J. Martorell and N. M. Lawandy, Phys. Rev. Lett. 66,
887 (1991).
[7] C. J. Herbert and M. S. Malcuit, Opt. Lett. 18, 1783
(1992).
[8] I. I. Tarhan and G. H. Watson, Phys. Rev. Lett. 76, 315
(1996).
[9] A. Imhof, J. K. G. Dhont, Phys. Rev. Lett. 75, 1662
(1995).
[10] M. Scalora, J. P. Dowling, C. M. Bowden, and M. J. Bloe-
mer, Phys. Rev. Lett. 73, 1368 (1994).
[11] For an fcc lattice of spheres of filling ratio f, with diameter
d1 and lattice constant α, the following relation is obeyed,
f=4 (4pi/3)(d1/2)
3
α3
. The distance between the [111] planes
in an fcc lattice is R0 = α/
√
3, and since d1=120 nm,
one easily gets that R0=88.64/f
1/3 nm. So for f=6.9%,
R0 ≃216 nm.
[12] The polystyrene layer is a mixture of polystyrene spheres
with diameter d1 and water. To better approximate the
experimental system, it is appropriate to use an aver-
age index of refraction n¯1. The volume fraction f1 of
the spheres within the polystyrene layer is f1=R0f/d1
= 12.4%. From n¯1 = n1f1 + n2(1 − f1), we determine
n¯1 ≃1.36.
[13] The attenuated transmission in Figs. 2 and 3 in Ref. 7
is due to absorptions in water which we neglect in this
study.
[14] H. Winful, J. Marburger, and E. Garmire, Appl. Phys.
Lett. 35, 379 (1979).
[15] C. Martine De Sterke and J. Sipe, in Progress in Optics,
Vol. 33, edited by E. Wolf, (Elsevier, Amsterdam, 1994).
[16] F. Delyon, Y. Levy, and B. Souillard, Phys. Rev. Lett.
57, 2010 (1986).
[17] Yi Wan and C. M. Soukoulis, Phys. Rev. B 41, 800
(1990).
[18] D. Henning, H. Gabriel, G. P. Tsironis, and M. Molina,
Appl. Phys. Lett. 64, 2934 (1994).
[19] C. L. Adler and N. M. Lawandy, Opt. Comm. 91, 354
(1992).
[20] W. Chen and D. L. Mills, Phys. Rev. Lett. 58, 160 (1987).
[21] Qiming Li, C. T. Chan, K. M. Ho, and C. M. Soukoulis,
Phys. Rev. B 53, 15577 (1996).
[22] E. Lidorikis, Qiming Li, and C. M. Soukoulis, Phys. Rev.
B 54, 10249 (1996)
FIG. 1. Transmission coefficient versus the wavelength in
the [111] direction of a colloidal crystal. The width of the
polystyrene sphere layer is d1=120 nm, with an effective [12]
index of refraction n¯1 ≃1.36, while the width of the water
layer is d2=96 nm with n2=n
o
2=1.33. The number of bilayer
units is N=463, which gives a sample thickness L=100µm. All
the parameters used are in agreement with experiment. The
arrows indicate the wavelengths of the incident light at which
the transmission plots in Fig. 4 were obtained.
FIG. 2. Transmitted intensity versus incident intensity for
a simple nonlinear bilayer system with n′ = 4× 10−10cm2/W
(in water) for two values of the incident wavelength. This
model gives unrealistically high values for the threshold inci-
dent intensities.
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FIG. 3. Local lattice expansion (a), Field intensity aver-
aged in each sphere (b), and Field intensity gradient (c), as a
function of the lattice plane for λ=579 nm. Solid and dashed
curves correspond to the first and second transmission reso-
nances.
FIG. 4. Transmitted intensity versus incident intensity for
four different wavelengths as were indicated in Fig. 1.
FIG. 5. Total lattice expansion versus transmitted inten-
sity for the four wavelengths indicated in Fig. 1. No external
pressure is assumed.
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